The field effect transistors (FETs) exhibited ultrahigh responsivity (10 7 A/W) to infrared light with great improvement of mobility in graphene / PbS quantum dot (QD) hybrid. These reported transistors are either unipolar or depletion mode devices. In this paper, we presented and fabricated conveniently-controlled grapheme / PbS QD hybrid FETs. Through the investigation on electric and optoelectronic properties, the ambipolar FETs (normally OFF) can be switched ON by raising gate voltage (V G ) up to 3.7 V and -0.8 V in the first and third quadrants. Near these thresholds (V T ) each carrier species shows comparable mobility (~ 300 cm 2 V -1 s -1 ). Photo-responsivity reach ~ 10 7 A/W near each threshold and it will linearly increases with (V G -V T ). These hybrid FETs become strongly competitive candidates for devices in flexible integrated circuits with low cost, large area, low-energy consumption and high performances.
the gate and size of QDs, respectively. However, the operational gate voltage is from -40 V to 80 V [1, 2], which is too large for a flexible integrated circuit. Low operational voltages are of importance in meeting the requirements of low-energy consumption and portable optoelectronic products. Moreover, as building blocks, ambipolar FETs show wider applications than monopolar ones, for type of those is also switched by gate as required. However, n-type FETs are not easily achieved as p-type ones based on solution processed colloidal QDs [11] . On the other hand, near-infrared detectors are dominated by III-V semiconductors. Lower temperature and higher bias voltage are also required for wider spectral response or higher responsivity.
Here, we presented and fabricated FETs based on graphene-PbS QD hybrid, which exhibits high performance at zero bias voltage and low gate threshold. By tuning gate, FETs can be switched among ON mode, OFF mode and amplification mode.
Moreover, they work both in the first and the third quadrants where electrons and holes exhibit comparable ultra-high mobility on the order of sub 1000 cm 2 V -1 s -1 .
Under zero bias voltage, the photoelectrical responsivity reaches as high as 10 7 A/W.
The width of spectral response is more than 1200 nm. Therefore, controllable ambipolar FETs with ultra-low threshold and high responsivity are strongly competitive candidates to building blocks in flexible integrated circuits with low cost, large area, and performance comparable to traditional semiconductor FETs.
As mentioned above, the hybrid FETs based on graphene and PbS QDs have exhibited excellent performance in ultra-high photoresponsivity. Due to the extraordinary high mobility of graphene layer (up to 60,000 cm 2 /Vs), the hybrid FETs provide a channel for carrier transportation; QDs layers also offer sufficient photo-induced carriers to graphene. The performance of hybrid FET strongly depends on the cooperation of graphene and QDs, especially energy matching of two components. Therefore, to achieve low operational voltage, attempts need to be paid on making Fermi level of PbS QDs close to 4.6 eV in accordance with Dirac point of graphene. As a result, QDs of 5 nm in diameter were obtained by colloidal chemical method; see Supplementary
PbS is a semiconductor with narrow bandgap of 0.41 eV (at 300 K) and with electron affinity of ~ 4.7 eV when it is a bulk material [12, 13] . As the spacing scale of crystal shrinking down to several nanometers, bandgap increases due to quantum confinement effect [12] . According to absorption peak (at 1200 nm), the bandgap could reach 1.03 eV, and the average diameter could be estimated to be 5 nm with consistence of statistical results on transmission electron microscope (TEM) [14] . Due to nearly equal effective masses of electrons and holes in PbS, the conduction band and the valence band levels of QDs are estimated to be 4.2 eV and 5.2 eV, respectively, as shown in Fig. 1 (a) . Notably, whether PbS QDs is p-type or n-type semiconductor strongly depends on surface ligands [15] [16] [17] . Experimentally, we used ethanedithiol (EDT) to treat PbS QDs. Therefore, QD film can be regard as an n-type semiconductor layer [6, 17] .
The structure of FETs based on graphene and PbS QDs has been plotted in Fig. 1 (b) .
A single layer of graphene sheet was transferred onto an n + Si / SiO 2 substrate. The thickness of SiO 2 is 300 nm. The source and drain electrodes were deposited on top of graphene A l over a shadow mask by thermal evaporation. Then, three layers of PbS QDs were deposited by layer-by-layer (LBL) approach from toluene solution via spincasting and the details of the approach are described in SI.
Electronic and photoelectronic measurements are performed according to the circuit diagram as shown in Fig. 1 I D increases linearly due to higher transfer velocity from higher electric field. In this region, the mobility keeps as a constant. As the bias voltage reaches to a value V DS , the current remains at a constant value in the saturation region due to the pinning-off effect, in which the remained carriers occupied a part of channel. Both holes and electrons exhibit such typical FET characteristics, so the same mechanism plays a role.
With the increase of V G , the increasing number of carriers reduces higher value of V SD and saturated current. The expression of mobility is given by [18, 19] ()
Where W and L is width and length of the channel, respectively. C ox is capacitance of gate dielectric per unit area, and second term of the right is the inverse of the sloop of low V SD characteristics. Then mobility of electrons and holes are calculated out to be 295 and 333 cm 2 V -1 s -1 , see SI.
With the increase of V SD , an extreme value of I D emerges at a point in the first and the third quadrants, which are the critical point of species of carriers, termed to V GC .
Then in the same condition we measured output and transfer characteristics under laser irradiation of 7.5 mW/cm 2 with wavelength of 808 nm as shown in Thus, operating mode of FET must be carefully selected for optical power detection.
The physical mechanism for the phenomenon above lies in the principles of FET.
Increments of channel current ΔI D , resulting from the light illumination, could be expressed as a function of the gate shift ΔV G derivated from equation (1) : 
In a double-logarithmic axis plot, a good fitting results is achieved, using equation (6).
When operates near the threshold, lgR keeps a good linear relation with (β-1)lgP.
Moreover, it is sensitive to low optical power in orders of nW. To compare with other work, we also plotted results of R vs P reported by Sun et al [20] . Under same received optical power, R of this work improve almost one order of magnitude than they reported, even operated near threshold. In amplifier region (VG over threshold a lot) responsivity will be further improved. 
Where τ 1 and τ 2 are characteristic parameters in response time for laser on, τ 3 and τ 4 are parameters for laser off. Using equation (7) (c) response of channel current to a repeatable laser light on and off. 
